Abstract. Inspired by the intrinsic softness and the corresponding embodied intelligence principles, soft pneumatic actuators (SPA) have been developed, which ensure safe interaction in unstructured, unknown environments. Due to their intrinsic softness, these actuators have the ability to resist large mechanical impacts. However, the soft materials used in these structures are in general susceptible to damages caused by sharp objects found in the unstructured environments. This paper proposes to integrate a self-healing (SH) mechanism in SPAs, such that cuts, tears and perforations in the actuator can be self-healed. Diels-Alder polymers, covalent polymer network systems based on the thermoreversible Diels-Alder (DA) reaction, were selected and their mechanical as well as self-healing properties are described. To evaluate the feasibility of developing an SPA constructed out of SH-material, a single cell prototype, a self-healing soft pneumatic cell (SH-SPC), was constructed entirely out of DA-polymers. Exploiting the SHproperty of the DA-polymers, a completely new shaping process is presented in this paper, referred to as "shaping through folding and self-healing". 3D polygon structures, like the cubic SH-SPC, can be constructed by folding SH-polymer sheet. The sides of the structures can be sealed and made airtight using a SH-procedure at relatively low temperatures (< 90 • C). Both the (thermo) mechanical and SH-properties of the SH-SPC prototype were experimentally validated and showed excellent performances. Macroscopic incisions in the prototype were completely healed using a SH-procedure (< 70 • C). Starting from this single-cell prototype, it is straight-forward to develop a multi-cell prototype, the first SPA ever built completely out of SH-polymers.
Introduction
It is a long-standing interest of the robotics community to investigate actuators with performances matching or exceeding the ones of biological muscles. Currently, the majority of robots are still powered by stiff actuators [1] , which do not exploit the unique soft properties of the muscle-tendon system. However, soft-robotic features are promising for locomotion, manipulation or wearable robotics to reach expected performances and safety during interaction with humans or uncertain and dynamic environments. Since next generation robots will be more and more introduced in these environments, "Soft Robotics" [2] [3] [4] [5] , the field which investigates the benefits of using soft and deformable elements in robotic systems, is gaining interest in the research community. In addition, recently, an increasing number of researchers have realized, how in animals not only the brain creates the intelligence of the body, but also morphology and biomechanics have great impact on the way animals and humans think and move, described under the term "embodied intelligence" [6, 7] . In this soft robotics field, compliant actuators have been developed that ensure safe contact with unstructured surroundings, by exploiting the embodied intelligence of an intrinsic soft mechanism. In these actuators an incorporated compliant/elastic mechanism allows their output-link to deviate from its equilibrium position, whenever an external force is applied on the actuator system. This intrinsic compliance improves safe contact with the environment, protecting both the surroundings and the robotic hardware. An impressive illustration of this principle was the DLR hand arm system, powered with compliant actuators, which could absorb the large impact of a baseball bat [8] . Different mechatronic mechanisms have been exploited for incorporating compliance in actuators. To provide intrinsic compliance, an elastic/compliant element is placed in the actuator system (e.g. in series or in antagonistic setup with an electric motor). Starting from this principle, variable stiffness actuators (VSA) [9] , in which a mechanism incorporated allows to physically modify the stiffness of the actuator, were developed in different applications [10] . With the upcoming of new synthetic materials and the general trend of reducing the weight and size of robotic systems, elastomeric polymers will be more and more used as soft, compliant material in compliant actuators. Although the soft materials in these actuators can absorb impacts, which is beneficial for safety, in general they are not resistant to sharp edges that can create cuts. This problem concerns in particular pneumatic complaint actuators. Pneumatic actuators can be classified in two groups. The first group consists of actuators in which pneumatic artificial muscles (PAM) [11, 12] are incorporated in a rigid skeleton, like bipeds [13, 14] , exoskeletons [15, 16] and manipulators [17] . Soft pneumatic actuators (SPA) [18] [19] [20] on the other hand, are actuators, made almost entirely out of very soft elastic material. Martinez et al. [21] proved that SPAs have the ability to resist mechanical impacts that would irreversibly damage or destroy hard robotic systems. However, in comparison with stiff actuators, these SPAs as well as the PAMs, are more susceptible to damage by sharp objects found in the unstructured environments and even more so when they are inflated, leading most frequently to perforations, punctures, or cuts. Over the last 15 years, chemists, inspired by the powerful biological healing function, have managed to incorporate similar properties into synthetic materials to create "self-healing materials". Since [22] first introduced the self-healing (SH) technology in 2001, a broad range of SH-materials has been developed, based on a variety of chemical principles [23] [24] [25] [26] [27] [28] . The recent developments in SHpolymers have led to applications in different fields, such as SH-coatings in the automotive industry (Nissan) and puncture SH-polymers for aerospace applications [29] . However, the exploitation of this self-healing technology is very limited in robotics. To the best of the authors' knowledge, a paper by Hunt et al. [30] can be found in which a self-healing principle is used to create a self-healing dielectric elastomer actuator. S. Davis and Darwin G. Caldwell [12] developed a pneumatic muscle actuator in which small perforations can be cured using a healing foam. In addition, the SH-principle is also under development in robotics on software level [31, 32] . Recently, an artificial stretchable SH-film has been developed with high potential for artificial skin applications [33] . The novel concept, presented in this multidisciplinary research, is that available SH-materials can be used to design SPAs and PAMs entirely out of SH-material, making them robust against sharp objects. Because of their relatively simple design and shaping process, the initial focus is on an SPA. A feasibility study is conducted on the development of an SPA constructed entirely out of SH-material, protected against perforations and cuts caused by sharp edges in unstructured environments. The outcomes of this work, will most likely be used in further research on selfhealing PAMs. Soft robotics cannot be made with traditional fabrication technologies and therefore several research projects are focusing on innovative manufacturing processes, as summarized in the review [34] . This has led to innovating shaping processes such as shape deposition manufacturing [34] , used for an hexapod Sprawlita, and origami-inspired manufacturing, which uses only a flat sheet as the base structure for building complicated bodies [35] . Currently, most SPAs are fabricated by casting prepolymer (Ecoflex) in a 3D-printed mold and curing it at elevated temperatures [20, 36] . However the synthesis of a lot of polymers and most SH-polymers does not allow to use this casting method. This paper describes an innovative alternative shaping process for the construction of self-healing SPAs, by exploiting the SH-property of the SH-polymers of which these actuators consists: "Shaping through folding and self-healing". This paper is organized as follows. In Section 2, a brief overview will be given on the available SHpolymers and the selection of Diels-Alder (DA) polymers for SPA-applications will clarified. This is followed by a general discussion on the SH-principle of the DA-polymers used to construct a first self-healing soft pneumatic actuator (SH-SPA). In Section 3 the characteristics of the DA-polymers will be presented, while in Section 4 the SH-procedure used in the newly developed manufacturing process as well as used for healing cuts in SPAs, is discussed. Section 5 describes the design of the first prototype, the self-healing soft pneumatic cell, and in Section 6, the innovative manufacturing process is presented. Experimental results are provided in Section 7 and finally Section 8 presents the conclusion.
State of art SH-materials
Following the paper of Williams et al. [23] , the different SH-materials can be classified based on their chemistry, as presented in Fig. 1 . The underlying chemistry of the SH-mechanisms of these materials is extensively discussed in review papers [23, 24, 26, 27] .
Two main SH-approaches can be defined: autonomic self-healing processes and non-autonomic ones. Autonomic systems require no stimulus (other than the formation of damage) for operation. They most closely resemble biological systems, which deliver healing agents to compromised regions as soon as damage is initiated. Non-autonomic systems require some type of externally applied stimulus to activate their healing function. Yet this allows the healing process to be performed in a controlled manner. This stimulus can be in the form of heat, light, a mechanical or chemical stimulus. [19, 20, 36, 37] . Therefore, the SH-polymer, out of which the SPA will be constructed, should have a high fracture strain and high ultimate tensile strength. Although a wide range of SH-polymers has been developed over the last years, only few have properties that comply with the specific requirements for soft pneumatic actuators. This was concluded from an analysis (Table 1) which was conducted on the SH-mechanisms, presented in Fig. 1 . From this analysis, the DielsAlder (DA) SH-polymers were chosen for the construction of the first self-healing soft pneumatic actuator (SH-SPA). The SH-process of these non-autonomous DA-polymers requires a heat stimulus and is based on reversible covalent bonds. One of the reasons why the DA-polymers were chosen is because the mechanical properties of these polymers are almost completely recovered after healing, which means that the number of SH-cycles for a polymer part is not limited by the SH-mechanism. This is not the case for SH-mechanisms using coordination bonds or encapsulation mechanisms. In case of an encapsulated system the healing action can only take place a limited number of times at the same damage location: once the capsules are broken the healing agent is no longer present at that specific location, which strongly limits the number of damage-healing cycles. A second advantage of the DA-polymers are the strong reversible bonds the reversible network consists of. Due to these, the polymers have a relatively high ultimate tensile strength, as required for SPA-applications. The SH-process of both coordination bond and mechanochemical mechanisms, on the other hand, is based on weak noncovalent interactions, such as hydrogen bonds or weak metal-amine bonds, limiting the mechanical properties of these polymers. Similar to the DA-polymers, SH-ionomers, whose SH-process also requires a heat stimulus, show a good recovery of the initial mechanical properties after healing, as well as adequate mechanical properties. However, the DA-polymers were selected because their self-healing can take place at temperatures as low as 70
• C, which is clearly lower than the required temperature for the SHprocess of the ionomers, which is 110
• C or higher according to a paper by Varley and Van der Zwaag [38] . The photo-induced healing of polymers requires a light stimulus with a specific frequency and of sufficient intensity. The network of these polymers is built up by cross-links based on photoreversible bonds. These covalent cross-links provide adequate mechanical properties, comparable to the reversible DA-cross-links. Due to the limited penetration depth of the light, the SH-process can only occur in relatively thin polymer pieces (1-2 mm), which might be deep enough for the SPA. As currently intense UV-light is needed to heal these polymers, these photo-induced polymers are not used in this research work. Nevertheless photo-induced SH-polymers have potential to be used in future SPA-applications.
Diels-Alder SH-polymer
The DA-polymer is a thermoreversible polymer network formed by a DA-cross-linking reaction, between a furan rings, present on the synthesized four-functional furan compound, with the maleimide rings, present on the bi-functional maleimide compound (Fig. 2) . The detailed synthesis is described by Scheltjens et. al. [39] . The synthesis allows tuning of the mechanical properties of the DA-polymers by varying the furan spacer length (Fig. 3) , which is the chain length of the poly(propylene oxide) chain of the Jeffamine used. A series of three DA-polymers, noted DPBM-FGE-J400, -J2000 and -J4000, with diverse mechanical properties was synthesized. The differences between these three materials are briefly discussed in Section 3. The SH-mechanism of these polymers will be described in Section 4.
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Figure 4: Classification of the DPBM-FGE-Jx series into 2 big groups: Glassy Thermosets and Elastomeric Thermosets (at ambient temperature).
3. Characteristics of the Diels-Alder polymer
Classification of the DBPM-FGE-Jx series
The three Diels-Alder (DA) materials, -J400, -J2000 and -J4000, can be classified in two groups: the "reversible glassy thermosets" and the "reversible elastomeric thermosets", based on their viscoelastic behavior at ambient temperature (T ambient ) (Fig. 4) . To explain this classification, the Glass Transition Temperature (T g ) has to be introduced. T g is the temperature at which an amorphous material undergoes a reversible transition from a hard and relatively brittle glassy state into a molten or rubbery state (upon heating). On the one hand, -J400 contains furan compounds with short polymer chain length. Due to these short chains, the network has a high (reversible) cross-link density, which raises the T g of the polymer above T ambient , leading to (brittle) glassy thermosets at T ambient . -J2000 and -J4000 on the other hand are built up out of furan compounds with longer polymer chain length, limiting the cross-link density. The latter materials are elastomeric thermosets, with ductile characteristics, and having a T g lower then T ambient . In Table 2 , the T g , measured by Scheltjens et al. [39] , and the densities of the three DA-polymer materials are presented. As mentioned in Section 2, soft pneumatic actuators (SPAs) are constructed from hyperelastic polymers. Therefore, both elastomer DA-materials, -J2000 and -J4000, are combined in the construction of a first self-healing soft pneumatic actuator (SH-SPA) (Section 5), exploiting the difference in mechanical properties of these two materials in the mechanical design of the SH-SPA. The brittle, -J400 material cannot be used in SPAs, however, it can be used in other robotic applications. Recently, we used this brittle -J400 material to develop a self-healing mechanical fuse (SH-MF) [40, 41] , which can be integrated in a series elastic actuator. This SH-MF protects the system from damaging overloads. Upon an overload on the system, potentially damaging one of the actuator components, the fuse fractures sacrificially and will be healed after removal of the overload. Using this principle all components are protected and there is no need for large over-dimensioning. From this point forward the focus is on the characterization of the -J4000 and -J2000 materials. However, to illustrate that by varying the spacer length in the synthesis of the DA-polymers large variations in mechanical properties can be obtained, the properties of the -J400 material will also be presented in what follows.
Mechanical properties of the DPBM-FGE-Jx series
In order to determine the viscoelastic behavior at ambient temperature, Dynamic Mechanical Analysis (DMA) was carried out on the three materials: DPBM-FGE-J400, -J2000 and -J4000.
As the viscoelastic properties of polymers are frequency dependent, DMA is typically carried out at a frequency of 1 Hz. For -J400 and -J2000 a fixed strain amplitude of 0.1 % was used, the test with -J4000 was done with an amplitude of 1.0 %. In Table 2 , the Storage modulus, Loss modulus and the tan(δ) (the ratio between Loss and Storage modulus) are presented for ambient temperature (25
• C, -J400 is in the glassy region (Table 2) , where the storage modulus (2280 MPa) is high compared to the loss modulus (111 MPa), which results in a low tan(δ) (0,049), indicating that there is almost no viscous contribution. The J400-based material behaves like an elastic solid at this temperature, almost all the energy required to deform the sample is elastically recoverable. Therefore, -J400 is considered an elastic material (instead of viscoelastic) at ambient temperature, with a Young's modulus equal to the storage modulus. This however is not the case for the other two materials, -J2000 and -J4000: their viscoelastic behavior makes it impossible to neglect the viscous contribution at 25
• C, which introduces dampening in its behavior, and attention should be given to this in their applications. To derive the fracture stress and strain, a static stress-strain test until fracture was carried out in tension. This test was done with a minimum of four samples for each material, from which a mean value of the fracture strain and fracture tension was calculated (Table 2 ). This table clearly indicates that DA-polymers can be synthesized with mechanical properties that vary over a broad range. A brittle -J400 material was synthesized with a fracture strain of only 1.24 %, as well as a very flexible elastomeric -J4000 material with a fracture strain of 450 %. In Table 2 the maximum deviation of the mean fracture strain and mean fracture tension are presented. It can be noticed that the variations of the fracture tension and fracture strain, are quite substantial. These variation are due to small defects, cracks or remaining solvent-induced (CH 3 Cl) bubbles, which have a large impact since the rectangular samples used in the DMA are relatively small (standard samples for the DMA: length = 40 mm, width = 5.5 mm, thickness = 0.5-0.75 mm).
Mixing ability
As the studied reversible polymer networks differ only in spacer length, it is possible to mix different furan compounds during the synthesis of the SH-material, to obtain DA-polymers with intermediate, desirable material properties, lying in the broad interval between the two extremes: the brittle -J400 and the flexible elastomeric -J4000 material. This mixing ability is a great advantage as it provides a certain degree of freedom in the design of future SH-actuator applications.
SH-process of DA-polymers
In this section, the working mechanism, the general temperature profile and the limitations of the SH-procedure will be briefly explained. The SH-process relies on the thermoreversible network of the Diels-Alder (DA) polymers. Therefore, before the SH-process of the DA-polymers in general can be explained, the concept of using a thermoreversible covalent polymer network for self-healing is introduced.
Thermoreversible network
As mentioned, the Diels-Alder reaction between furan and maleimide functional groups is a reversible reaction, which implies that, given enough time, a temperature-dependent equilibrium state will be reached at each temperature. At low temperatures the Diels-Alder adduct is formed. As the temperature is increased, the reaction equilibrium is shifted towards the breaking of the reversible bonds (Fig. 5) . These thermoreversible covalent cross-links, provides the self-healing property of the DA-polymers. The overall reaction rates of maleimide (M), furan (F) and DA-cyclo-adduct (A) in the reversible DA-reaction can be written as [39] : . In these equations A DA and A rDA are the pre-exponential factors, or frequency factors, E DA and E rDA are the activation energies, R is the gas constant and T is temperature:
For stoichiometric mixtures of maleimide and furan, Eq. 1 can be re-written in terms of (x(t)), the conversion to Diels-Alder Adduct (A) at time t:
With [M] 0 and [F] 0 the initial maleimide and furan concentration in the reaction mixture. The preexponential factors, A DA and A rDA , and the activation energies, E DA and E rDA of both forward and reverse DA-reaction, were derived by Scheltjens et al. [39] , through a non-linear model-fitting, minimizing the sum of square of the differences between measured data and data calculated using Eq. 4. In Fig. 6 , the temperature dependent equilibrium conversion (x) from maleimide and furan groups to Diels-Alder adducts is given, as calculated using a simulation program which solves the reaction Eq. 4 for the equilibrium state ( dx dt = 0). The relation is presented for both the DPBM-FGE-J4000 and -J2000 material. To explain the different zones presented on the graph (Fig. 6) , the Gel Transition Temperature (T gel ) and the Gel Conversion (x gel ) have to be introduced. x gel and the corresponding T gel are the conversion and temperature, respectively, at which an incipient network is formed in the reversibly cross-linking system (upon cooling) (Fig. 7) . Above x gel the polymer will have a network structure and will behave as a solid. Below x gel , due to the too low cross-link density, the network has disintegrated into branched, linear, and/or small molecules, which results in a viscous behavior. On the graphs, in Fig. 6 , it is shown that as the temperature increases, DA-bonds in the polymer network are gradually broken, the conversion decreases, changing the structure of the polymer from a solid network structure to a viscous liquid-like structure (Fig. 5) . T gel can be determined using dynamic rheometry as the cross-over between E' (storage modulus) and E" (loss modulus) at a loss angle δ of 45
• [39] . The T gel of the two materials, -J2000 and -J4000, were derived by Scheltjens et. al. [39] , and are presented on Fig. 6 . As is shown, the corresponding gel conversion (x gel ) is independent of the spacer length. All DPBM-FGE-Jx materials tested have a x gel equal to 0.37.
Temperature profile of SH-procedure
The self-healing procedure can be divided into three stages visualized in Fig. 8 : a heating step from ambient temperature up to a few degrees below T gel (2), defined as "Near Gel Temperature (T N gel )", an isothermal step at T N gel and a controlled cooling step from T N gel to T ambient . A detailed temperature profile of the SH-procedure of -J4000 can be found in section 6.3. However, the optimal duration and time for each stage strongly depend on both the size of the macroscopic gap and the Diels-Alder material used (-J4000, -J2000 or -J400). If a macroscopic gap has to be self-healed, the temperature profile of the SH-process will have to the follow following steps:
Recovery properties mobility Heating Cooling Solid Network structure Viscous Gel-like structure Figure 5 : Equilibrium Diels-Alder reaction, function of temperature. At low temperatures the network is formed due to a high conversion to Diels-Alder adducts. At more elevated temperatures, these Diels-Alder adducts will fall apart, the conversion will drop and the mobility of the polymer chains will increase. At relative high temperature the polymer will have a gel-like structure. 
Heating step:
The first step is a heating process up to T N gel , and this preferably locally, near the fracture. The higher the temperature, the more the reverse or retro-Diels-Alder reaction becomes favorable and the more DA-adducts will break. Up to T N gel the DA-polymer still has a network structure, however, enough DA-bounds are broken to give the polymer chains the necessary mobility for the self-healing of the macroscopic gap. The reaction rate of both reactions, the DielsAlder and retro-Diels-Alder reaction, increases with temperature (Eq. 2 and 3). Because of this, the heating process until T N gel can be performed as fast as desired and the duration (Fig. 8: t1) will be limited by the achievable heating rate of the heating devices used for the SH-procedure.
Isothermal step:
At T N gel a lot of DA-bonds will be broken, giving the polymer the required mobility to seal/close the microscopic and macroscopic gaps (Fig. 5) . The polymer has to remain Elastic behavior
0°(E´> E ")
Viscous behavior
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Gel point temperature (Tgel) = 45°(E´≈ E ") Figure 7 : Illustration of the transformation of the reversible network upon heating: at low temperature the DA-polymer has an elastic behavior. When heated above its gel transition temperature, the network has disintegrated into branched, linear, and/or small molecules, which results in a viscous behavior of the DA-polymer. at this temperature until the macroscopic gap is filled entirely. The duration of this isothermal process (Fig. 8: t2 -t1 ) depends on the DA-polymer material used (Section 3) and the dimensions of the macroscopic damage, but is relatively fast (less than 40 min). The temperature of this step is limited by T gel because heating the polymer above T gel will lead to unwanted macroscopic deformations/flows of the polymer piece. Therefore, this isothermal process is done at 10 K below T gel at T N gel . At lower temperature, 15 to 20 K below T gel , filling of the macroscopic gap will also take place, but over a much longer period [39] .
(a) Before the SH-procedure: sample contains macroscopic gap of 57.50 µm.
(b) After the SH-procedure: sample is completely healed. Figure 9 : Pictures, taken with an optical microscope, of a DPBM-FGE-J2000 DA-polymer sample before and after the SH-procedure took place. In the 0.75 mm thick sample a macroscopic gap of 57.50 µm was made. This gap was healed using a SH-procedure containing the following steps: heated up from 60
• C to 90
• C with steps of 5
• C every 10 min, then stayed 20 min at 90
• C after which continued with steps of 5
• C every 10 min until 100
• C. A movie of this SH-procedure can be found at: https://www.youtube.com/watch?v=jR6ddEfdPbs&list.
Controlled cooling step:
Once the gap is sealed, the polymer can be brought back to room temperature. This however has to be done with a slow, controlled cooling process (Fig. 8) . This slow cooling is important since the reforming of the polymer network by the DA-reaction requires some time. As the reaction rate of the DA-reaction decreases with decreasing temperature (Eq. 2 and 3), the kinetics of the network formation become slower with decreasing temperature. Hence, the polymer has to remain long enough at relatively high and medium temperatures, where the kinetics of the DA-reaction are favored, such that the network can be formed in a reasonable time (strongly depends on the DA-material, Section 3). When cooled down too fast, maleimide-and furan functional groups will get trapped in the polymer network without forming DA-bonds. The cooling from elevated to ambient temperature is extremely important and will affect the recovery of the initial material properties. In Fig. 9 the actual SH-process is illustrated by showing two optical microscopy images, of a damaged DPBM-FGE-J2000 sample, before and after the SH-process.
5. Conceptual design of the self-healing soft pneumatic cell
Soft Pneumatic Actuators
Soft pneumatic actuators (SPA) are, as the name indicates, made almost entirely out of soft polymer material. Most SPAs in literature [19, 20, 36, 37] are constructed out of Ecoflex 00-30 (Smooth-On Inc.), which is a very soft, elastic polymer, with a tensile modulus around 69 kPa. A variety of different SPAs has been constructed [36] and most of them work according to a similar principle. In general, the SPAs consist of air chambers made out of the very flexible polymers. When pressurized, these air chambers are inflated. The organic polymers used are usually nearly isotropic in their response to stress and thus constrained in the range of motion they can generate on actuation. Therefore, the SPAs have to be designed in such a way that a controlled anisotropy is introduced in their elastic deformation response to stress, caused by pressurizing the air chambers.
To introduce this anisotropy, slightly stiffer materials are used in the designs, which restrict the elongation of certain parts of the SPA. The working principle is clarified by illustrating the design of the Bending soft pneumatic actuator (BSPA) [20] (Fig. 10a) .
In the BSPA, air pressure iflates the actuator cells. Because the outer walls of the cells start deforms the actuator from straight to curved. This actuator is a cuboid made out of highly soft and elastic polymer, in which air chambers that inflate at a certain pressure are embedded. A layer of a stiffer polymer is attached to one of the sides of the actuator, allowing very little planar strain. Consequently, the pressurization of the air chambers produces inflation on the top surface while the strain on the bottom surface remains essentially zero. This produces a bending motion, where the distance between the two ends of the actuator decreases as the curvature increases [20] . The same principle has led to the development of actuators that respond to pressurization with a wide range of motions: bending, extension, contraction, twisting and others [36] .
Conceptual design of the SH-Soft Pneumatic Actuator
Most SPAs, like the BSPA (Fig. 10a) , consist of more cells, containing air chambers. To evaluate the potential of creating a self-healing soft pneumatic actuator (SH-SPA), a single Soft Pneumatic Cell (SPC), built entirely out of the DPBM-FGE-Jx material, is designed. The SPC is a cubic cell ( Fig. 10b) with a side length of 15 mm, based on dimensions found in literature [20, 37] . It is assumed that starting from this single-cell prototype, it is straightforward to build a multi-cell prototype, a (Bending) SPA. The cubic cell was developed out of the most flexible, -J4000 material (Storage modulus: 7.85 MPa). -J4000 is less soft in comparison with Ecoflex 00-30 (Tensile Modulus: 69 kPa) usually used in literature [20, 36] . However, due to the high fracture strain of 450 %, the SPC can be used to create relative large deformations before a failure occurs. If multiple self-healing soft pneumatic cells (SH-SPCs) would be put in series, a BSPA could be constructed, similar to the one produced by Sun et al. [20] , but stiffer. The -J2000 (Storage modulus: 28 MPa) material is stiffer than the -J4000 material and is therefore suitable to be used to create the anisotropy needed in the SPC design. Based on the design of the BSPA, the bottom sheet was produced out of the less flexible material, -J2000, in order to create an anisotropic movement response (Fig. 10) . The dimensions of the SH-SPC are presented in Fig. 11 . Because the -J4000 and -J2000 sheets were synthesized through solvent casting, the sheet thicknesses have a small variation (Fig. 11) .
Combining the different mechanical properties of -J2000 and -J4000, a fully self-healing SPC is developed, in which the air chamber as well as the less-stretchable sheet have the SH-property. In the bottom of the SPC, a small hole is made in which a narrow metal tube is inserted through which the over-pressured air can enter the cell.
Manufacturing process
The DPBM-FGE-J4000 and -J2000 materials are solvent cast into sheets (the mean thickness and the thickness variations are presented in Fig. 11 ). Currently the casting and molding techniques, which are used in literature to construct polymers in complex shapes used in soft pneumatic actuators (SPAs), cannot be applied to these Diels-Alder (DA) polymers. Because of this manufacturing limitation, which is clarified in Section 6.1, a completely new shaping process is described, which relies on the self-healing ability of the DA-polymers. This novel manufacturing technique is named "shaping through folding and self-healing" and is described in Section 6.2.
Manufacturing limitations of the DA-polymers
In order to cast polymers, like is done in the manufacturing process of the SPAs available in literature [19, 20, 36, 37] , their viscosity has to be reduced in order for these polymers to be poured into a mold. Casting and molding of polymers, containing a reversible network, can be done in two ways, Method 1) First, the polymer is synthesized. Then the polymer is brought to elevated temperatures where the reversible network falls apart, providing the required low viscosity. The hot polymer is cast or molded and the temperature is brought to ambient temperature using a controlled cooling process. Method 2) Pre-polymer is cast in a mold during the synthesis, before the network is formed. Subsequently this pre-polymer is cured due to a heat treatment to form the network.
6.1.1. Method 1: In order to give the DPBM-FGE-Jx polymers the required low viscosity for the casting and molding process, the polymers have to be heated to temperatures of 120-150
• C. At these elevated temperatures, the maleimide functionalized compound (DPBM) will homopolymerize [42] : the DPBM reacts with itself and creates irreversible cross-links. The formation of an irreversible network results in the loss of the self-healing property of the DA-polymers. Because of the formation of this irreversible network, heating above 120
• C has to be avoid in the shaping process. This is why the use of method 1 is excluded.
Method 2:
As mentioned in the introduction, the synthesis of the DPBM-FGE-Jx polymers, and of most SH-polymers, does not allow them to be cast in a 3D mold. The DPBM-FGE-Jx materials are solvent cast on a Teflon plate, into thin sheets. A solvent is needed for the last step of the synthesis [39] : the reaction between the furan functionalized jeffamine compound (FGE-Jx) and the maleimide functionalized compound (DPBM). As the DPBM powder does not dissolve in the FGE-Jx, a solvent is required (dissolved in CHCl 3 : 20 w% solution). In a paper of Chen et al. [43] , this last step of the synthesis is carried out without the use of a solvent. To do this, the bismaleimides had to be heated 20 to 30
• C above their melting temperatures (82-92 • C). DPBM starts melting at 152
• C. This means that in order to carry out the last step of the synthesis without a solvent, heating is required to at least around 170
• C. At this high temperature homo-polymerization of the DPBM has already taken place and irreversible bonds will have been formed. These irreversible bonds prevent the formation of a homogenous reversible polymer network, resulting again in a loss of the self-healing ability.
Shaping through folding and self-healing
In this paper we present a completely new shaping method to develop 3D polygon structures starting from synthesized self-healing polymers sheets, which utilizes the SH-properties of these polymers. This shaping process is termed, "shaping through folding and self-healing". In this process, a 3D polygon structure is developed by folding a 2D SH-polymer sheet, similar to making an origami structure. The sides of 3D polygon structure are made air tight using a SH-procedure at relative low temperatures, not higher than 90
• C. The shaping through folding and self-healing principle is illustrated with the manufacturing process of the SPC in this section. The construction of the cubic soft pneumatic cell (SPC) entails three SH-procedures. The temperature profiles (T-profile) of these procedures differ: the temperature and the duration of the isothermal step (Section 4) depend on the required viscosity for sealing the 3D structure. In the following subsection the practical T-profile of the SH-procedure, used to cure an incision that was made in the SPC-prototype (Section 7), is presented. The T-profile of isothermal step of the three SH-procedures used in the construction of the SPC differ slightly from the presented profile. For these three only the T-profiles will be given in Section 6.4, we will not discuss in detail the behavior of the polymer network during these procedures. igure 12: Practical Temperature profile of the SH-procedure, used to heal damages in the SPC. The SH-procedure is done by placing the SPC in an external furnace. The temperature profile is split in three steps: the heating step, the isothermal ow step and the controlled cooling step.
Practical T-profile of the SH-procedure
The practical T-profile, used to cure damages, like incisions, in the SPC-prototype is presented in Fig. 12 . This is a trade off between the theoretical requirements, discussed in Section 4, and what is manageable with the heating devices used, a non-programmable furnace.
6.3.1. Heating step: As mentioned before, the heating stage can be done as fast as possible. Thus, to heal the SPC, it will be inserted in a pre-heated oven at T N gel . At high temperatures, down to 5
• C below the T gel , the DPBM-FGE-J4000 material becomes too soft and the SH-SPC starts to deform and collapse. Therefore, a safety margin is introduced and the isothermal stage is performed at a T N gel of 70
• C, 11
• C below the T gel .
Isothermal step:
At this temperature, enough DA-bonds will be broken to give the polymer chains the required mobility to slowly close the macroscopic fracture gap. The SH-SPC is held at this temperature for 40 minutes (this value includes the time required for the heating stage), giving the polymer enough time to close the gap.
Controlled cooling step:
The SH-procedure was conducted in a furnace. Due to the combination of manual control of the temperature and the long duration of the stages, a single-step cooling profile was used in practice (Fig. 12) . The cooling gradient of this step was 0.5 • C/min. After this cooling process the SPC has to remain untouched for almost 28 hours at 25
• C, such that the DA-bonds could be formed and the equilibrium conversion (x) could be reached. The full duration of the SH-procedure is 30 hours. This can be reduced using a programmable furnace, in which a predetermined (ideal) controlled cooling process, can be induced. However, the reduction will be limited since the speed of the SH-procedure is limited to the kinetics of the DA-reaction, as mentioned in Section 4. a b c d e f Figure 13 : a) A plus sign cut out of a DPBM-FGE-J4000 sheet. b and c) Open cubic cell, of which the sides were sealed using a first SH-procedure (< 78
The open, -J4000 cubic part is connected on top of a -J2000 sheet through a second SH-procedure (< 90
• C). e and f) Through a hole in the bottom, -J2000 sheet, a metal tube is inserted, through which the cell can be placed under an over-pressure. This connection is made air tight using a third SH-procedure (< 90
• C).
Construction of the SPC
First, a plus shape was cut out of the synthesized DPBM-FGE-J4000 sheet (Fig. 13a ). This plus sign was folded and placed into the Teflon Mold (Fig. 14) . Teflon is used because of its chemical inertness and because it prevents the polymer from sticking to the mold, which would happen when glass or metal molds are used.
To seal the sides of the open cube, the self-healing property of the material was used. The mold was placed in a furnace, at a temperature of 3 • C below the gel transition temperature (T gel = 81.0
• C). At this elevated temperature the polymer chains have enough mobility to close the gaps between the vertical planes of the cube in a few hours. The temperature cannot exceed the T gel , because the sheets inserted in the mold would start deforming. The self-healing process used to form the DPBM-FGE-J4000 (open) cube, was done in a furnace at 78
• C for 4 hours. After this the part was cooled down with a gradient of ±0.5
• C/min. Hereafter, the cubic part remained for 24 hours in the mold at 25
• C such that the conversion could converge to the equilibrium conversion. Next, it was gently removed from the cubic mold (Fig. 13b and c) . Next, a more stiff sheet is connected to the open side of the cubic part. This bottom part consists of a -J4000 sheet that was placed directly on the cubic part and a stiffer bottom -J2000 sheet ( 11). The additional -J4000 sheet placed between the cubic part and the -J2000 sheet was used to create a better connection. The T gel of the -J2000 series (98.5
• C) is higher than the one of -J4000 (81.0
• C). The -J4000 sheet was placed on top of the J2000 sheet, and this was placed in a furnace at 90
• C. After 15 minutes at this high temperature, the top -J4000 sheet turned into a gel-like structure, while the -J2000 sheet remained solid. At that time, the sheets were taken out of the furnace and the cold -J4000 cubic part was immediately pushed on top of the gel-like -J4000 sheet, which sealed the cubic part. The furnace was brought to 60
• C before the whole part was reinserted. The furnace was held at this temperature for 6 hours after which it was cooled down to room temperature at 0.5
• C/min. Before the shaping process continued the part was left untouched for 24 hours, to reach equilibrium conversion. The result is visualized in Fig. 13d . Finally a small metal tube had to be inserted in the bottom plate of the SPC, through which the compressed air will be injected in the cell. A hole (D = 2 mm) was made in the bottom sheet of the cubic part. Two small pieces (5x5 mm) were cut out of the -J4000 sheet and placed over the metal tube (Fig. 13e) . Next this metal piece was placed in a furnace at 90
• C. Again after 15 min, the -J4000 polymer pieces had attained a gel-like behavior and the metal piece was taken out of the furnace. The hot metal tube was pressed through the hole in the cubic bottom part and the gel-like -J4000 pieces sealed the connection. The furnace was cooled down to 60
• C, after which the assembly was reinserted, held at this temperature for 4 hours, and finally cooled down naturally in the furnace to room temperature. The SPC-prototype resulting from the manufacturing process is shown in Fig. 13f . This 3D cubic part was constructed out of 2D DA-polymer sheets, using three SH-procedures. For this manufacturing technique, which relies on shaping through folding and self-healing, only relatively low temperatures are required (T max = 90
Experiments

Validation of the mechanical properties
The developed self-healing soft pneumatic cell (SH-SPC) was experimentally tested for different over-pressures of the air chamber ‡. The resulting deformations of the SPC were captured using a digital camera (Fig. 15a ). The cell was tested for over-pressures starting from 0 bar up to 0.36 bar. In Fig. 16a , a zoomed image is presented, showing the deformation of the SPC for an over-pressure of 0.36 bar. For this over-pressure the width of the cubic cell increases with 40 %. The force exerted by the top plane of the SH-SPC was measured using a force sensor (Fig. 15b) . These are steady state forces, the constant force applied by the SH-SPC on the force sensor over a long time. The steady state force is represented as a function of over-pressure in Fig. 16 . The forces are in the range of a few newtons and are, compared to values measured in literature [20] , suitable for SPA applications.
The combination of forces in the range of newtons that can be applied by the SH-SPC and the high deformation response for over-pressures lower than 0.5 bar, indicate that the mechanical properties of the Diels-Alder materials, DPBM-FGE-J4000 and -J2000, are adequate for small actuation in soft robotic. After the validation of the mechanical properties of the SH-SPC, the cell was pushed to its limits: the overpressure was increased until a small perforation occurred in the cell at a maximum overpressure of 0.46 bar. The location of the perforation is presented in Fig. 17a . At this location the open cube, created entirely out of -J4000 material, is connected to the -J2000 sheet. The -J4000 is more elastic and when the air chamber is put under overpressure, the cubic cell starts to deform. -J2000 on the other hand, is less elastic and will only deform only a little. This causes stress concentrations at the connection between the two polymer materials. The perforation of the SH-SPC took place on the location where failure was theoretically expected. From this it can be concluded that the sides of the 3D cubic cell were well-sealed in the manufacturing process, using the new developed technique: shaping through folding and self-healing (Section 6).
Over-pressurei ( Incision made in the side plane of the SH-SPC, which was afterward fully cured using a SHprocedure.
Validation of the self-healing property
To evaluate the SH-property of the SPC, an incision was made with a scalpel in one of the planes of the cubic part (Fig. 17b) . The dimensions of this incision are: a length of 4.43 mm, a thickness of 0.30 mm (blade) and all the way through the wall of the cell. Subsequently this incision as well as the perforation (figure 17a) were self-healed in an external furnace using the SH-procedure described in Section 6.2. This procedure had a maximum temperature of 70
• C and a duration of 30 hours. In order to determine whether the initial mechanical properties of the SH-SPC were recovered after the SH-procedure, the steady state force was again measured as a function of the over-pressure. The results of this test were plotted in Fig. 18 , together with the data measured before the incision was made. As the results for the two experiments are the same within the scatter of the data, the SH-SPC has the same mechanical performance before and after the SH-procedure. After these experiments, the SH-SPC was again pushed to its limits. A perforation took place at 0.48 bar, at the same location it did before. This indicates that the incision was completely cured and no weak spots were created during and after the SH-procedure. In addition, comparing the maximal over-pressure before (0.46 bar) and after (0.48 bar) the SH-procedure, it can be concluded that the puncture, created before the incision was made, was also entirely healed.
Conclusion
Soft-bodied robotics is a growing, new field that concentrates on the incorporation of soft materials in robotic systems, with the aim of achieving simple mechanisms by exploiting the embodiedintelligence of soft materials. The soft-bodied robotics, contains a large subcategory, the Soft Pneumatic Actuators (SPA), which are actuated by compressed air and made almost entirely out of very soft elastic material. These actuators have excellent robustness against large mechanical impacts. However, the soft materials used to construct these actuators, are in general susceptible for other damages, such as tears, cuts and perforations, caused by sharp objects found in unstructured, unknown environments. A completely new approach for protecting SPAs against these damaging conditions is introduced: by integrating a self-healing (SH) mechanism, these actuators will be able to fully cure the macroscopic damages. This paper presents the first feasibility study on the construction of SPAs, entirely out of SH-elastomeric polymers. This research started with an analysis on the broad range of SH-materials, available in literature, to find a suitable SH-polymer, having the mechanical properties required for SPA-applications. DielsAlder SH-polymers, covalent polymer network systems based on the thermoreversible Diels-Alder (DA) reaction, proved to be most suitable for a first integration of the SH-mechanism in SPAs.
Their SH-process is non-autonomous and requires a heat stimulus. However, the temperatures which are required are relatively low (< 90
• C). Based on the SPAs found in literature, a first prototype, a Self-Healing Soft Pneumatic Cell (SH-SPC), was designed and developed using DA-polymers. Most SPAs consist of multiple cells, containing air chambers, which can be inflated by putting them under an over-pressure. However, in this first feasibility study a single cell prototype was developed. The 15 mm cubic cell was made out of DPBM-FGE-J4000, the most elastic DA-material in our series. SPAs are designed to have an anisotropic response to a stress, generated by the over-pressure in the air chamber. In most SPAs this anisotropic response is generated by introducing a stiffer material in the design. Therefore, with a view on the construction of a multi-cell SPA prototype in the near future, a slightly stiffer yet SH-material, DPBM-FGE-J2000, was implemented in the design. Combining the different mechanical properties of -J2000 and -J4000, a fully self-healing SPC is developed, in which the air chamber as well as the less-stretchable sheet have the SH-property. For the manufacturing of the cubic cell, a completely new, innovative shaping process was developed in this work. This process, denoted "shaping through folding and self-healing", relies on the SHproperty of the DA-polymers. The DA-polymer sheets were cut and folded to form the cubic part. The walls of the cubic cell were joined and made air tight, using SH-procedures with temperatures not higher than 90
• C. This illustrates that the SH-property of the DA-polymer can introduce an advantage in manufacturing: it can be used to join polymer sheets to form 3D structures. In the future different 3D polygon designs could be easily built from the DA-elastomer polymer sheets, using relative low temperature processes. In addition it was shown that this new shaping method can be used to connect two different DA-polymer materials, like the DPBM-FGE-J4000 and the -J2000 material. This is possible because although their mechanical properties differ a lot, the SH-mechanism of these materials relies on the same reversible Diels-Alder reaction. The developed SPC was tested for different over-pressures of the air-chamber. In these tests the elastic deformations were analyzed and the force exerted by the top plane of the SPC was measured. The SPC could handle over-pressures close to 0.5 bar, and at over-pressures above 0.36 bar the cell showed substantial deformations. Forces where measured in the newton range, which is adequate for soft pneumatic actuation. Moreover, the healing of a macroscopic incision made into the SPC cube proved feasible. The cell was cured in an external furnace, using a SH-procedure, performed in an external furnace takes about 30 hours and has a maximum temperature of 70
• C. Tests proved that the incision was completely healed after the SH-process and that the initial properties of the SPC were recovered. This together with the combination of relatively high forces that can be applied and high deformation shows that the two DA-polymers have high potential for being used in SH-soft robotics. If a "clean" fracture/crack/puncture occurs in the SPC, or in the future in the SPAs, it can be healed using a SH-procedure. A clean failure implies that the fracture surfaces can be easily brought in contact again to be healed. The SPAs are more likely to fail or to be damaged when inflated. When a crack or fracture occurs when the SPA is inflated, the over-pressure will drop and the actuator will return to its initial (non-inflated) shape. This automatically presses the fracture surfaces together again, providing the excellent contact required for the SH-procedure. In general it can be conclude that the first prototype of the SPC indicates that the self-healing DA-polymers can be used in the soft robotics.
Future work
Starting from this single-cell soft pneumatic cell (SPC), our aim is to build a multi-cell prototype, such as a bending soft pneumatic actuator (BSPA), which will be the first SPA ever built completely out of self-healing (SH) polymers. Future works include making the self-healing system fully autonomous. Using the newly developed "shaping through folding and self-healing" process a broad range of soft pneumatic actuators can be built entirely out of Diels-Alder (DA) self-healing elastomeric polymers. The DA-polymers can be tuned towards required properties using the mixing ability and multiple, different synthesized DA-polymer sheets can be combined in a single design by self-healing them together, resulting in a large design freedom. The duration of the SH-procedure, in particular the controlled cooling step, is limited by the kinetics of the DA-reaction. The duration of the healing procedure can potentially be reduced by tuning both the synthesis of the SH-materials and the SH-procedure itself, research which is currently conducted. For some robotic applications it might always be more favorable to replace the soft actuator. Nonetheless, applications exist in which the SH-ability can be extremely interesting, especially for soft robotics in remote locations, such as aerospace. In addition, for future soft robotics a compromise will have to be made between on one side the maintenance, repair and replace costs and on the other side, the additional material cost, cost of the integrated self-healing system and economic losses during self-healing. This will depend on the estimated number of failures during the life time of the robotic system.
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